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Abstract. We present a new remote sensing technique tomeasurements. The approach can be applied to measure-
infer the average asymmetry parameter of ice crystals neaments of past, current and future airborne and satellite instru-
cloud top from multi-directional polarization measurements. ments that measure multi-directional polarized reflectances
The method is based on previous findings that (a) compleof ice-topped clouds.

aggregates of hexagonal crystals generally have scattering
phase matrices resembling those of their components; and
(b) scattering phase matrices systematically vary with as-

. ; . 1 Introduction
pect ratios of crystals and their degree of microscale sur-

face roughness. Ice cloud asymmetry parameters are inferred)q,, g feedbacks remain among the principal sources of un-
from multi-directional polarized reflectance measurementscert(,imty in assessing the sensitivity of the Earth's climate

by searching for the closest fit in a look-up table of SimU|ated(Hartmann et al. 1992 Soden and Held2006 Waliser
polarized reflectances computed for cloud layers that CONgt 4], 2009. A continuing area of uncertainty in model-
tain |nd|\_/|dual, r_andomly orle_nted hexagonal columns anding clouds and consequently their feedbacks is prescribing
plates with varying aspect ratios and roughness values. Thﬁ1e radiative properties of clouds and ice clouds par-
asymmetry parameter of the hexagonal particle that leads Qcular (Stephens et 311990 Stackhouse Jr. and Stephens
the best fit with the measurements is considered the retrievegggl. Fu et al, 1998 Fu, 2007. The fundamental radiative

value. For clouds with optical thickness less than 5, the CIOUdproperties of ice clouds for global climate model projections

optical thickness must be retrieved simultaneously with theCan be represented in terms of optical thickness, effective

asymmetry parameter, while for optically thicker clouds the .o crystal size and the first moment of the scattering phase
asymmetry parameter retrieval is independent of cloud OPfynction, commonly referred to as the asymmetry parame-
tical thickness. Evaluation of the technique using simulatedter (Coakley and Chylek1975 Fu and Lioy 1993 Yang
measurements based on the optical properties ofanumber%ft al, 2000 Fu, 2007. Reasonably stringent global con-
complex particles and their mixtures shows that the ice CIYS<traints of two of these three parameters, namely ice cloud

tal asymmetry parameters are generally retrieved to Wlthlnoptical thickness and effective ice crystal size, have been ob-

5%, or about 0.04 in absolute terms. The retrieval schemMgainay for more than three decades from measurements of
is largely independent of calibration errors, range and sam-

pling density of scattering angles and random noise in the 1we use “ice clouds” as shorthand for all clouds that have tops
which are radiatively dominated by ice.

Published by Copernicus Publications on behalf of the European Geosciences Union.



2362 B. van Diedenhoven et al.: Remote sensing of ice asymmetry parameter

instruments on polar-orbiting and geostationary satellite platsystematically vary with aspect ratios (ratio of length to
forms, such as the Moderate Resolution Imaging Spectrowidth) of crystals (or crystal components in aggregates) and
radiometer (MODISPlatnick et al. 2003, the Geostation- their degree of randomization (e.g=u, 2007 Yang and Fu

ary Operational Environmental Satellite (GOE#dsey and  2009. For pristine, simple particles, such as smooth hexag-
Grassg 2009 and the Spinning Enhanced Visible and In- onal columns, the phase function often shows strongly con-
frared Imager (SEVIRIRoebeling et a].2006. However, to  trasted features such as halos that are the created by ray caus-
our knowledge, no remote sensing technique exists to date tbcs (Minnaert 1954). Such features can be suppressed by in-
directly infer the asymmetry parameter of ice crystals. Suchcreasing microscale crystal surface roughn&sscke et al.
measurements are crucial to better constrain values used fd996), increasing the number of impurities within ice crys-
climate modelsVogelmann and Ackermaf1995 estimated  tals Hess et al.1998, or increasing large-scale complexity
that asymmetry parameters must be known to within 2-5 %of ice aggregatedghimoto et al.2012).

to constrain computed shortwave fluxes to within about 5%. Based on the two aforementioned generalizations of ice
Furthermore, a remote sensing technique to obtain ice asynerystal scattering properties, here we present a remote sens-
metry parameter could help to improve operational retrievalsng technique to infer ice crystal asymmetry parameter from
of ice cloud optical thickness and effective radius, which multi-directional polarization measurements. In short, by as-
substantially depend on the scattering properties of the icsuming individual hexagonal ice columns and plates to serve

crystal model used in the retrieval algorithnio{land et al, as proxies for more complex shapes and aggregates, a best
200Q Yang et al, 2008a Zhang et al. 2009 Baum et al, fit to multi-directional polarization measurements is sought
2012, van Diedenhoven et aR012. by varying the aspect ratios and roughness parameters of

Ice crystal asymmetry parameters at visible wavelength<olumns and plates, and the asymmetry parameter of the cor-
have been inferred indirectly from combinations of flux mea- responding hexagonal column or plate is considered to be
surements and radiative transfer model calculations (e.grepresentative (i.e., the retrieved value) of the asymmetry pa-
Platt et al, 198Q Stephens et gl199Q Francis et al.1994 rameter of the ice crystal ensemble at the top of the observed
Mitchell et al, 1996, yielding values ranging from about 0.7 cloud.
to about 0.85. More direct in situ measurements made with Several attempts have been made previously to deduce ice
the Cloud Integrating Nephelometer (CINGerber et al.  crystal shape from polarization measurements, mostly ap-
2000 and the Polar NephelometaBdyet et al.1997) gen-  plied to measurements of the Polarization and Directional-
erally show values around 0.75, with little dependence onity of the Earth’s Reflectances (POLDER) instrument (e.g.,
location and temperature (e.d\uriol et al, 200% Garrett  Chepfer 1998 C.-Labonnote et gl.200Q0 Chepfer et al.
et al, 2001, 2003 2005 Baran et al. 2005 Gayet et al. 2001 Masuda et a)2002 Knap et al, 2005 Sun et al.2006
2006 2012 see Garrett, 2008 for an overview). However, Baran and C.-Labonnat2006. Most of these attempts in-
these in situ observed asymmetry parameters provide poazluded only a limited collection of ice crystal habits and/or
spatial coverage and may be substantially affected by iceaspect ratios and many of them did not include roughened
shattering on the probeKdrolev et al, 2011), or undersam- ice crystals. To our knowledge, our application is the first
pling of the phase function in the forward scattering directionto include a virtually continuous selection of aspect ratios
(Gerber et a].2000, or both. Global polarization measure- and roughness values. Moreover, while previous results were
ments from the Polarization and Directionality of the Earth’s difficult to relate to physical and radiative properties of ice
Reflectances (POLDER) instrument are generally found tocrystals, here we directly relate the retrieved particle aspect
be consistent with roughened ice crystals, which in turn gen+atio and roughness parameter to the ice crystal asymmetry
erally have relatively low asymmetry parametes(Q.8). In parameter. A similar approach was recently applied to a sub-
contrast, using surface observatioB8assen et a(2003 re- visual cirrus cloudQttaviani et al.20123 and thick tropical
ported frequent sightings of halos within ice clouds that im- clouds ¢an Diedenhoven et ak012), as well as over a snow
ply pristine ice crystals, which generally have high asymme-surface Qttaviani et al.20120).
try parameters. Here in Part 1 of a two-part paper, the retrieval method is

Theoretical ice scattering properties have been calculatedescribed and evaluated using simulated measurements. The
for a wide range of particle shapes (eldacke et al. 1996 simulated measurements are based on instrument character-
Hess et a].1998 Yang and Lioy 1998 Zhang et al.2004 istics of the airborne Research Scanning Polarimeter (RSP,
Liu et al, 20068 Um and McFarquhar2007, 2009 201% Cairns et al.1999. In Part 2 we apply the method to mea-
Nousiainen et al.201% Baum et al. 2011 Ishimoto et al, surements obtained by RSP during the The Cirrus Regional
2012, yielding asymmetry parameters ranging from aboutStudy of Tropical Anvils and Cirrus Layers — Florida Area
0.65 to above 0.95. General conclusions that can be deducedirrus Experiment (CRYSTAL-FACE) and evaluate results
from these theoretical studies are: (1) complex aggregatessing other remote sensing and in situ data.
of crystals generally have scattering phase matrices resem- First, the retrieval method is presented in detail in S&ct.
bling those of their components (e.dg:y, 2007 Um and  After evaluating the method against simulated measurements
McFarquhar2007, 2009; and (2) scattering phase matrices in Sect.3, conclusions are discussed in Séct.
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2 Methodology 1977 for multiple-scattered light, whereas the contribution
of single-scattered light is calculated analytically (using the
The asymmetry parametgiis defined as the first moment of TMS-method described biNakajima and Tanakal988§.

the normalized scattering phase functidg: (Macke etal, A completely black, non-polarizing surface is assumed for
1996 the lower boundary condition. For thin cirrus (with optical
. thickness less than about 1), the influence of polarized sur-
) face reflectance at visible wavelengths could be significant
8= / Pio(®) c090) sin(©)de, (1) and should be included in the forward model when applying
0 the presented method to real measurements. Accurate mod-

where® is scattering angle. In the geometric optics regime els exist for ocean reflectances (e._@h_owdhary eta)2012
the asymmetry parameter.is a linear combination of theand land surface reflectances (e.bitvinov e_t al, 2010. _
asymmetry parameters of the refractivesflective and To produce the LUT, a databqse of optical pr_operues for
diffractive contributions to the phase functiafier and gair hexa_gonal plates and columns is calculated using the Geo-
respectively Klacke et al, 1999 € i metrics Optlc;s (GO) code devgloped lhacke et al(1996).
' : This ray tracing code takes microscale surface roughness of
1 ice crystals into account in a statistical manner by perturb-
g= Z—wo[(Zwo — 1) gref + gdifl, (2)  ing, for each interaction with a ray, the normal of the crys-
tal surface from its nominal orientation by an angle varied
wherewy is the single scattering albedo, which is mainly de- randomly with uniform distribution betweerf @nds - 90°,
termined by the ice effective radius and the imaginary partwheres is referred to as the roughness parameter saeke
of the refractive indexNlitchell and Arnott 1994 Fu et al, et al, 1996 for a full description of the treatment of rough-
1998. The asymmetry parameter of the diffractive contribu- ness).Yang et al.(20081 found that this approach is an ef-
tion to the phase function is essentially unity for ice clouds atficient, yet accurate treatment of microscale roughness. The
visible and shortwave infrared wavelengths as a consequenaspect ratio of columns is varied between 1 and 50 with 26
of particles being large relative to wavelength. The refrac-geometrically increasing steps. The aspect ratios of plates are
tive + reflective contribution to the phase function dependsthe inverse of those for columns, for a total of 51 aspect ra-
on the shape of the ice particles and their microscale surtios. The roughness parameter is varied between 0 and 0.7
face roughnessMacke et al. 1996 Yang and Lioy 1998. in steps of 0.05. Roughness parameters exceeding 0.7 are
As explained above, we adopt hexagonal ice columns andiot considered because for these values the probability of
plates with varying aspect ratio and microscale roughness agnphysical scattering events strongly increases, resulting in
proxies for more complex shapes and aggregates to infer thprogressively larger loss of accuracy of the GO calculations
asymmetry parameter. Together with ice crystal effective ra-of a given number of rays. The database could be expanded
dius (e.g.,Nakajima and King1990, the total asymmetry with more extreme aspect ratios and greater roughness pa-
parameter can be estimated for any wavelength usingZEq. ( rameters in the future if deemed necessary. Sizes are varied
Ice crystal asymmetry parameters are inferred from measo that the projected areas of the particles, assuming random

sured polarized reflectanc&g defined as orientation, correspond to the projected areas of spheres with
radii of 5, 7, 10, 14, 20, 28, 40, 56, 80, 113, 160, 226 and
R 7y 02+ U? @) 320 um. A normalized gamma size distributivrof the form
P woFo
N(D) = NoD"pe=?oP (4)

wherepug is the cosine of the solar zenith angh, is the so-
lar irradiance, and? andU are the second and third Stokes is applied Mitchell, 1991, Heymsfield et al.2002), where
parameters, respectivelygn de Hulst1957 Chepfer 1998 D is the maximum particle dimension apgl andip, are the
Baran and C.-Labonnat®006. To produce a look-up ta- shape and slope parameters of the size distribution. Here,
ble (LUT) containing R, values for clouds consisting of is a normalization factor. For some of the considered com-
hexagonal plates and columns with varying aspect ratios antdinations of size and aspect ratio, the size parameters of the
roughness parameters, forward calculations are made usingarticles are outside the range where the geometric optics ap-
a plane-parallel doubling-adding coddansen and Travis proximation is valid Mishchenko and Mackel999; possi-
1974 De Haan et a).1987. The cloud is represented in ble implications of this are discussed in S&£. Refractive

the model by a single uniform layer without considering indices for ice are taken froMarren and Brand2008 and
cloud geometrical thickness. Rayleigh scatterers and absorkare weighted by spectral response function of RSP’s 864-nm
ing atmospheric gases are not included. Randomly orientedhannel and the incoming solar spectrum, yielding a refrac-
ice crystals are assumeBréon and Dubrulle2004 Zhou tive index of 1.3038 with a negligible imaginary part.

et al, 2012. To account for the highly peaked scattering Figure 1 shows the asymmetry parameter of the phase
phase functions, we use theM approximation (Viscombe function of hexagonal plates and columns in the database
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Asymmetry parameter

Plates 0.71 0.75 078 0.82 0.86 0.89 0.93 Columns

Roughness

0.02 0.22 0.41 061 080 1.00 1.24 164 243 463 50.00
Aspect ratio

Fig. 1. Asymmetry parameters of plates and columns at 864 nm as a function of their aspect ratio and microscale roughness.

as a function of aspect ratio and roughness parameter. Heréhe DoLP function on roughness has been reported for more
up =15 andip, =100 cnt! (Heymsfield et al.2002, but complex particles byym and McFarquhaf2009 andBaum
we note that the asymmetry parameter is not affected subet al. (2010, among others. As seen in Figa, the DoLP
stantially by the size in the geometric optics regitvia¢ke  function of a slightly roughened column increases with in-
et al, 1996. As previously shown byacke et al.(1996, creasing aspect ratio, especially at scattering angles smaller
Fu (2007, Yang and Fu(2009 and others, the asymme- than about 140(cf. Chepfer1998. Figure3 shows similar
try parameter increases with increasing deviation of the asvariations in DoLP functions for various moderately rough-
pect ratio from unity, and decreases with increasing rough-ened complex habitsrang et al, 2012 see also SecB.2).
ness. Thus, the lowest asymmetry parameters around 0.7h the range of scattering angles typically observed by down-
are obtained for particles with an aspect ratio of unity and ex-ward looking remote sensing instruments (about 90=He5
treme roughness of 0.7, while asymmetry parameters exceegbending on geometry), the DoLP shows distinctively differ-
ing 0.93 are found for smooth thin plates with aspect ratiosent variations (Fig2) as a function of aspect ratio and rough-
near 0.02. Asymmetry parameters increase with aspect raaess parameter. This suggests that these two parameters can
tio owing to the increase of parallel surface areas, leading tde estimated from such polarization measurements and that,
greater probability of light passing through the particle with as a consequence (cf. Fit), the asymmetry parameter can
low orders of refractior- reflection and a minimal change of be inferred.
direction (rang and Fu2009. For the same reason, the in-  For the inference of ice crystal asymmetry parameter, we
crease of asymmetry parameter with increasing deviation ohim to minimize the relative root-mean-squared difference
aspect ratio from unity is slightly weaker for columns than (RRMSD) between polarization measurements at the consid-
for plates owing to the larger parallel surfaces of plates (cf.ered angles and the corresponding simulated values from our
Macke et al. 1996 Yang and Fu2009. look-up table. For a given combination of aspect ratio; AR
Figure2illustrates the dependence of the single scatteringand roughness paramesgy the RRMSD is formally defined
degree of linear polarization (DoLP) function on aspect ratioas
and roughness parameter of hexagonal columns. Here, DoLP

is defined ag’12/ P11, whereP;2 and P11 are the correspond- N Rowut (On. AR;.8;) 12
ing elements of the scattering phase matrix (see Elacke nX—:l [1 T Rp,mead®y) ]
etal, 1996. The dependence of the DoLP function of plates RRMSD (AR;, §;) = || = N (5)

on both aspect ratio and roughness parameter is similar to

that of columns (not shown). As noted Kyap et al(2003,  where Rp meas is the measured polarized reflectance as
Baran and C.-Labonno{2006 and others, the DoLP func- g function of single scattering angi@, and Rp, LuT is the

tion for randomly oriented smooth columns shows positive corresponding quantity in the LUT. In the current retrieval
features at scattering angles around°130d negative values approach, the RRMSD is simply calculated for all combi-
at scattering angles larger than 16@hile these features de- nations of aspect ratios and roughness parameters that are
crease in strength or disappear completely with an increasimcluded in the LUT and the retrieved values correspond
ing roughness parameter (Figb). Similar dependence of o the minimum value of the RRMSD. To optimize such
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Fig. 3. Similar to Fig.2 but for various moderately roughened com-
plex ice habits.

because for thick clouds it is independent of cloud optical
thickness. Furthermore, for thin clouds, the degree of polar-
ization can be highly sensitive to the total bidirectional re-

Degree of linear polarization

- 6=0.7 . flectance function of the surface, which is not always known
0 50 100 150 well. However, the retrieval results presented in the next sec-
Scattering angle [°] tion are found to be very similar when using degree of polar-

ization instead of polarized reflectance (not shown).
Fig. 2. Degree of linear polarization at 864 nm as a function of scat-
tering angle for hexagonal columns. Colors indicate DoLP functions
for varying aspect ratios (ARy) and roughness parametessh). 3 Results

The retrieval approach is evaluated here by applying it to

a retrieval, more efficient minimization approaches could besynthetic measurements. These synthetic measurements are
used Rodgers2000. calculated using the radiative transfer model described in the

For cloud optical thicknessegoyg larger than about 5, the  previous section, but using optical properties of ice crystals
polarized reflectance saturates and does not depengban  with more complex shapes than the individual columns and
(Chepfer et a.2001). For optically thinner clouds, the LUT plates assumed in the LUT. We aim to infer the asymme-
must also include the correct apparent cloud optical thicknessry parameters of the complex ice crystals to within 5% (or
(apparent cloud optical thickness is defined as the optical 0.04), which is the upper range of the required accuracy of
thickness yielding a total reflectance that matches measureglobal ice cloud asymmetry parameter estimated/bgel-
ments under the assumption of a particular ice model). Sincenann and Ackerma(i1995.
the apparent optical thickness also depends on the assumedA solar zenith angle of #land relative azimuth angle of
ice asymmetry parameteZlfang et al.2009), it needs to be  10° is used for the simulated measurements (corresponding
determined for all aspect ratio and roughness combinations imo some of the RSP data used in part 2). RSP measures at 152
the LUT before applying Eq5). Here, we obtain the appar- viewing angles betweet6C°. In the following, we limit the
ent optical thickness by minimizing the differences betweenmeasurements to contain scattering angles in the range 100—
measured and simulated total reflectances at 864 nm at the65°, which are frequently observed by RSP. The sampling
viewing angle closest to nadir. For cases witlaug > 5, the of scattering angles of the RSP at this geometry is abofit 0.8
asymmetry parameter can be retrieved using BEgagsum-  Simulations are made for the 864 nm band of RSP, but sim-
ing a large cloud optical thickness (e.goud = 50), and the ilar results are expected at wavelengths from the visible to
correct cloud optical thickness can be determined afterwardsshortwave infrared since scattering in ice clouds is relatively
Whetherzoug is above or below five is estimated by using independent of wavelength. For the same reason, addition
threshold values of total reflectance generated by a first-guessf other wavelengths is not expected to improve the results.
ice model. First, we apply the proposed retrieval approach to simulated

We use polarized reflectance rather than measurementmeasurements assuming clouds consisting of bullet rosettes,
of degree of polarization to retrieve asymmetry parametersother complex habits and mixtures of complex habits. Then,
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Fig. 4. Asymmetry parameters of bullet rosettes versus the asymme- 80F 3
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-20F 3

the sensitivity of the method to measurements noise, cali-  9'0f
bration errors, the available scattering angle range and the 005

angular sampling is explored. § -0.00 '_\ E
-0.05F E

3.1 Bullet rosettes -0.10¢ E

-0.15E 3
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Ice crystals resembling bullet rosettes are often observed in Cloud optical thickness

mid-latitude cirrus and aged anvil cirrus cloudsquinta
et al, 1995 Lawson et al. 2006 Um and McFarquhar
2007 Baran 2009 Baum et al. 2011). Optical properties

Fig. 5. Mean biases (solid lines) and standard deviations (shaded
areas) of retrieved asymmetry paramet@} optical thickness

- b), aspect ratidc) and roughness parametgl) as a function of
of bullet rosettes are calculated using the same GO code dec(:'loud optical thickness assumed in the simulated data using bullet

scribed aboveNjacke et al. 1999. Following Um and M_C' rosettes. The dashed line and line-shaded aréa)ishows results
Farquhar(2007), bullet rosettes are constructed with 6 iden- \yhere 7= 50 is assumed in the LUT. The dotted line (in)
tical branches consisting of 13 planes each with a bullet tipshows the mean bias of the scaled optical thickness (defined in text).
angle of 28. Ten different bullet aspect ratios between 2 and
11 are considered, where aspect ratio is defined as the ra-
tio of the total bullet length (including tip) and its width. As are generally within 5% of the true values, although they
with the hexagonal ice crystals used in the LUT, the rough-are biased high, especially for small asymmetry parameters.
ness parameter varies between 0 and 0.7 in steps of 0.0%igure5a shows the mean differences between retrieved and
Projected areas cannot be analytically calculated for bulletrue asymmetry parameters and their standard deviations as
rosettes and we therefore calculated the scattering propeg function of cloud optical thickness. Generally, results are
ties of bullet rosettes that have volumes that are the samgquite consistent over all optical thickness values with mean
as spheres with radii of 5, 7, 10, 14, 20, 28, 40, 56, 80, 113piases of about 0.02 0.01, with the second number repre-
160, 225 and 320 um. This volume equivalent spherical sizesenting the standard deviation. Slightly larger standard de-
definition is different to the projected area definition that wasviations are obtained for optically thin clouds. In these re-
used in Sect2. Since the results do not substantially dependtrievals the apparent cloud optical thickness is determined
on size distribution, because the bullet geometry does nofirst before retrieving the asymmetry parameter. As discussed
vary with size, we nonetheless use the same size distributiom Sect.2, whenteouq 2 5, polarized reflectances are consid-
that was introduced in Se@. A total of 150 combinations ered to be saturated and asymmetry parameters can be re-
of roughness parameter and bullet aspect ratio is included itrieved by applying Eq.5) and assuming any large cloud
the sample. optical thickness. To illustrate this, Figa also shows results
Figure 4 shows the asymmetry parameters of the bulletof retrieved asymmetry parameters f@foug > 5 using the
rosettes versus those retrieved from the simuldgdising LUT with tgoug= 50. These results are seen to be similar
the proposed method. Here, a cloud optical thickness of 5o those in whicheoyg is retrieved simultaneously with the
is assumed in the simulated measurements. Retrieved valuesymmetry parameter.
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The bias in retrieved asymmetry parameter leads to a 10—

F opk:_tesI
40% bias i_n retrieved qloud optical thickness_, especially for 0.95 ;:%g:;gt %g',;gpf;gseues ]
optically thin clouds (Fig5b). However, the bias in scaled [ & ogaresotes of columns ]
optical thicknesg* = t(1— g) (van de Hulst1957 King, [ Osmall oggregotes of plotes - | T o ]
. 0.90 [ Alorge aggregotes plates . -

1987 is much smaller, as expectedh@ang et al. 2009. o [ ¥ hollow columns ]

; ) [ ollow bullet rosettes .- s 1
Figure 5¢ shows that mean differences between aspect ra- 3 o8k © 1
tios of the individual bullets and retrieved values are about 2 & ]

. . “" A

20+ 40 % for t¢oug > 5, but increase to 6@ 50 % for opti- 4 ool o A ;
cally thinner clouds. The crystals are consistently retrieved as s r "” ]
column-like. Biases in retrieved roughness parameter shown . 75;_ Smooth ]
in Fig. 5d are about-0.054 0.08 for clouds withreioug > 5 T Rough ]
and about 0.03 0.08 for tcioug < 5. The general positive o.70k . . . .
bias of retrieved asymmetry parameters is consistent with the 070 075 080 085 090 095
findings ofUm and McFarquhaf2007) that the asymmetry True g of complex ice

parameters of bullet rosettes are about 2 % lower than thosgig_ 6. As for Fig. 4, but for simulated data assuming various ice

of t_he_lnd_IVIduaI bgllets, pres_umably owing tf) th_e 'nc_reasedcrystal habits indicated by symbols. Black, green and red colors
variation in refractiont- reflection angle combinations in the are results for simulated data assuming smooth, moderately rough,
more complex rosettes versus those in the individual bulletsind severely rough particles, respectively. For each combination of
(cf. Macke et al.1996. This effect is apparently only partly roughness and habit, 10 different size distributions are applied (see
mitigated by the effect of biases in aspect ratio and roughnestext).

parameter in the retrievals.

3.2 Complex habits shapes with geometries independent of size, which is the
case for aggregates and droxtals, the results for different size
Next we apply the proposed method to simulated measuredistributions are clustered together. The biases and standard
ments assuming a selection of hexagonal and complex icdeviations are seen in Figa to be nearly independent of
crystal habits: droxtalsZhang et al.2004), columns, plates, cloud optical thickness. Furthermore, the biases in the re-
bullet rosettes, aggregates of columns, hollow colunvfasag trievals are significantly smaller than those obtained for the
and Lioy 1998, hollow bullet rosettes¥ang et al, 20089 case of bullet rosettes (Fi§), but the standard deviations
and aggregates of plateBgum et al. 201]). Details about are greater. Plates and their aggregates are generally identi-
the geometries of these crystals are given in the cited referfied correctly as plates in the retrieval. Even when the habit is
ences. The scattering properties of the individual particles arenisinterpreted as being thin columns for some combinations
computed using the discrete dipole approximation (DDA) for of size and roughness, the retrieved asymmetry parameters
particles with a small size parameter (defined as the ratio ostill agree with the true values within 5%. The other parti-
the particle circumference to the incident wavelength) or ancles are consistently and correctly identified as column-like.
improved geometric optics method (IGOM) for particles with Interestingly, the method finds that the polarized reflectances
a large size parameteYgng and Lioy 1998 Bi et al., 2009 of clouds consisting of hollow columns and hollow bullet
Xie etal, 2011 Yang et al, 2012. Microscale crystal surface rosettes most closely resemble those consisting of columns
roughness is taken into account with an approximate methodavith high aspect ratiox 15). This result makes sense since
similar to that in the GO code described in SettYang the walls of the hollow parts of the crystals are thin, re-
et al, 20083. As in Baum et al(2011), smooth, moderately sembling columns with high aspect ratios. For all particles
roughened and severely roughened particles are considerete retrieved roughness parameters increase with increasing
with a degree of surface roughnes®f 0, 0.03 and 0.5, re- roughness of the particles assumed in the simulated measure-
spectively (seéfang et al, 2008a for the definition ofo). ments, as expected. Mean biases in the retrieved cloud opti-
Since some of the ice habit geometries vary with size, a rangeal thickness, shown in Figh, are near zero fotgouq > 5,
of size distributions is applied by varyirg in Eq. @) from with standard deviations of about 10 %, while for thin cloud
20 to 200 cmm! with increments of 20 cmt and using the  (z¢oud~ 1) the cloud optical thickness is retrieved within
relation betweem, andi, determined byHeymsfield et al.  about 15+ 25 %. As found for the simulated measurements
(2002 from in situ measured ice size distributions, namely assuming bullet rosettes (Fifb), the mean bias in scaled
Hp = A%G“— 2 (with Ap in units of cnml). A total of 270  optical thickness is near zero for all cloud optical thickness
combinations of habit, roughness and size are included in thealues.
sample. Possibly, part of the bias and standard deviation in re-
For a cloud optical thickness of 5, retrieved asymmetrytrieved asymmetry parameter may be caused by the use of
parameters are seen in F@to be highly correlated with the standard GO calculations for the LUT while the optical prop-
true values, with a mean bias of 0.084.018. For particle erties used for the simulated measurements are calculated
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Cloud optical thickness mixture, which is dominated by aggregates of plates, are
Fig. 7. Mean biases (solid lines) and standard deviations (Shadeéyste_matlca!ly overestlmated by al_aout (.)'05 when no rough-
areas) of retrieved asymmetry parametajsoptical thicknesgb) ness is apphed._The retne\_/al algorithm _mterprets these mix-
as a function of cloud optical thickness assumed in the simulatedures as very thin plates with aspect ratios less than 0.1. The
data using complex habits. The dotted line and line-shaded area i§a@Me is true for three results for smooth collection—-5 mix-
(b) shows the mean bias and standard deviation, respectively, of thires with large sizes, which are dominated by bullet rosettes,
scaled optical thickness. columns and plates. Thus, when smooth, very thin plates are
retrieved by the algorithm, such retrieved asymmetry param-
eters should be treated with caution and probably rejected.
with the more accurate IGOM approach in combination with ~ As for the complex habits (Fig), the bias of the retrieved
DDA. Future work is needed to investigate whether biasesasymmetry parameter of the particle mixtures is slightly pos-
and standard deviation will be reduced by implementingitive and fairly independent of the cloud optical thickness
more accurate optical properties for the LUT calculations. (Fig. 9a). Also, again, the retrieved cloud optical thickness
is biased towards greater values (F9g), but essentially no
3.3 Habit mixtures bias is obtained in the retrieval of scaled optical thickness.

The proposed method is next applied to simulated measure3.4 Sensitivity to noise, calibration, angular range
ments using optical properties of mixtures of ice crystal and sampling
habits. We use mixtures compiled Baum et al.(2005ab,
2011 to be consistent with ice water contents and medianNext, the sensitivity of the asymmetry parameter retrieval ap-
mass diameters measured by in situ probes during numeiproach to random noise, calibration errors and the available
ous field campaigns. The mixtures consist of combinationsscattering angles are evaluated. For this analysis, we use the
of the hexagonal and complex habits described in Sect. 3.3imulated measurements assuming optical properties of com-
and the same three degrees of crystal roughness are usquex habits described in Sect. 3.2.
Four mixtures are considered: the general habit mixture com- Pseudo-random structures can appear on the multi-angle
piled for the MODIS collection-5 ice properties retrieval al- total and polarized reflectance measurements owing to, for
gorithm Baum et al. 2005gb), a more recent general habit example, instrument noise, errors in stray-light correction
mixture Baum et al.2011), and those corresponding to trop- and misalignment of scenes targeted at different angles
ical deep convection clouds and mid-latitude cirrBam (Cairns et al. 2003 Fougnie et al.2007). Such errors are
et al, 2011). A total of 120 combinations of habit mixture, estimated to be of the order of 3% for instruments such
roughness and size is included in the sample. as POLDER Fougnie et al.2007 and lower for the RSP

In Fig. 8 it is seen that asymmetry parameters of the (Cairns et al.2003. To investigate the influence of such er-
particle mixtures span from 0.8 to about 0.87, and mostrors on our retrieval of asymmetry parameters, we add Gaus-
asymmetry parameters are again retrieved within 5%. How-sian noise with increasing standard deviation to simulated
ever, asymmetry parameters for the tropical deep convectiodata. As seen in FiglOa, the bias and standard deviation
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Fig. 10. Dependence of mean bias and standard deviation of re-
are essentially unaffected by random noise with standard deltieved asymmetry parameters from simulated data assuming vari-
viations of up to about 20 % of the signal. For noise contri- ©US complex habits on noise ley@) and calibration errofh). See
butions larger than a threshold of about 20 %, the retrievaf€Xt for details.
results rapidly degrade. Note that these simulations assume
the angular sampling corresponding to the RSP, which, for
the assumed geometry, lead to 84 samples within the 100enly offsets are added to the polarized reflectances, and an
160 scattering angle range considered. Since the influencequivalent negative bias trend is obtained when negative off-
of Gaussian noise is expected to scale,&8s, where Ng sets are applied to the simulated data (not shown).
is the number of sampling points, requirements of measure- The range of scattering angles observed by an instrument
ments of instruments with less angular sampling will be moredepends on the instrument viewing angle range and the solar
stringent than those for the RSP. For example, POLDER hasnd relative azimuth angles. The previous analysis assumes
about 10 times fewer viewing angles than the RSP, requiringscattering angles between 2Gihd 1683 to be available. Fig-
the noise level to be abowf10 times lower or a threshold of ure 11a illustrates the performance of the proposed method
about 6 %. Note that POLDER generally is expected to meetvhen narrower scattering angle ranges are available. All con-
this requirementRougnie et al.2007). sidered scattering angle ranges are centered on 13

Determination of the absolute calibration of instrumentsure 11a shows the bias is nearly unaffected by the available
measuring total and polarized reflectance can be challengingcattering angle range. The standard deviation, however, does
especially with the absence of on-board calibration sourcesubstantially increase with decreasing angular range, but this
and with aircraft-mounted instruments that undergo frequenis mostly owing to an increasing underestimation of only the
and substantial changes in temperature, humidity, amongsymmetry parameters of pristine individual plates, which
others. The nearly linear dependence seen in Fig.indi- represent a small subset of the simulated dataset and there-
cates that every additional 10 % calibration offset added tdfore do not affect the mean bias substantially. When the avail-
the simulated data leads to an additional 0.003 near-lineaable scattering angle range is below?’ 28Iso the asymme-
increase in bias for the retrieved asymmetry parameter. Furtry parameters of aggregates of plates are substantially un-
thermore, the standard deviation increases by about 0.002 faterestimated, leading to a greater increase in the standard
every additional 10% offset. Since most calibration errorsdeviation.
are expected to equally affect total and polarized reflectance As discussed above, these simulations are based on the
measurements, offsets are added to both total and polarizedSP instrument profile with a relatively dense angular sam-
reflectances here. However, similar results are obtained whepling (84 samples at- 0.8° intervals). Figurellb shows
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0.04 T T T T T ] of ice crystals, which, in turn, determine the ice crystal asym-
(o) ] metry parameter. By assuming individual, randomly oriented
002k ] hexagonal columns and plates to be adequate proxies of more
[ ] complex ice crystals occurring in most natural clouds, ice
g oool L —————— ] cloud asymmetry parameters are inferred by matching ob-

served multi-directional polarized reflectance measurements
I ] to a look-up table of simulated polarized reflectances for
-0.021 ] columns and plates with varying aspect ratios and roughness
parameters. The asymmetry parameter of the hexagonal par-
. ticle that leads to the best fit with the measurements is con-
70 60 50 40 30 20 10 sidered the retrieved value.
Angular range [°] L . . .
The application of the method is demonstrated using sim-
ulated measurements of clouds consisting of first only bullet
(0 ] rosettes, then other complex habits and finally their mixtures.
Instrument characteristics of the airborne Research Scanning
Polarimeter (RSP) are assumed for the simulated measure-
[ ] ments. Generally, asymmetry parameters of the ice crystals
g o.00f g and mixtures assumed in the simulated measurements are re-
[ ] trieved to within 5%, or about 0.04 in absolute terms. Most
retrieved values are biased high, especially for bullet rosettes.
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- 1 Since polarized reflectances depend on cloud optical thick-
0oal ness for clouds withg|oug < 5, cloud optical thickness needs
- 20 P 0 2 o to be retrieved simultaneously with the asymmetry parameter
Angular sampling for such clouds. Fotgoug > 5, the true cloud optical thick-

ness is not required to retrieve the asymmetry parameter. A
sensitivity study shows that the proposed method is largely
independent of calibration errors, range and sampling density
of scattering angles and random noise in the measurements.
Our results demonstrate that the proposed approach to re-
trieve asymmetry parameters of ice clouds can be applied to
retrieval results for simulations with decreasing amount of RSP measurements and other current and past instruments,
roughly angular equidistant samples available in the 100-Such as the satellite-based POLDER instruments and the

160 scattering angle range. Interestingly, the results are little?i"orne Multiangle SpectroPolarimetric Imager (AirMSPI,
affected by angular sampling, even when only 2 samples (aplner et al, 2007, as well as on tho;e of possible .future in-
100° and 160) are available. Similar results are obtained for Srtuments, such as the next-generation POLDER instruments
simulated measurements assuming habit mixtures and bulldgM)), APS Mishchenko et &.2007, MSPI Diner et al,
rosettes, although some substantial increase in standard dé907) and SPEXYan Harten et al2011). Furthermore, the
viation is observed when measurements are degraded from @€thod can be easily adapted to degree of linear polariza-
to 2 samples in the case of bullet rosettes (not shown). tion measurements obtained by future dual-polarization polar
The results shown in Figd0and11indicate that the pro- NePhelometers that are capable of sampling ice clouds.
posed method can be applied to measurements of other avail- A Single uniform cloud layer is assumed in this study.
able instruments, such as POLDER, which have a more limPossible issues attributable to vertical inhomogeneities will
ited angular sampling and range and a possibly stronger noisg€ discussed in Part 2 of this two-part paper and will be

contribution and calibration uncertainties than the RSP, addressed in future studies using realistic cloud resolving
model simulations. In the case of optically thin ice clouds

overlying liquid clouds, the method is not expected to be
4 Conclusions applicable to measurements in the solar channels since the

strong polarization by the liquid clouds would overwhelm
This first part of a two-part paper uses simulated measurethe signal (e.g.yvan Diedenhoven et aR012. However, ap-
ments to evaluate, to the best our knowledge, the first replication to polarization measurements in wavelength bands
mote sensing method of inferring the asymmetry paramethat include strong water vapor absorption, such as the
ter of ice clouds. We demonstrate that multi-directional po-1.88 um and 1.38 um bands in the RSP and APS designs, re-
larized reflectance measurements at visible or near-infraredpectively, allow the retrieval of ice crystal asymmetry pa-
wavelengths contain exploitable information about the as-rameters of subvisual cirrus or thin cirrus over liquid clouds
pect ratio and microscale surface roughness of componentsecause these measurements are virtually unaffected by the

Fig. 11. As Fig. 10 but showing dependence of results on angular
range(a) and number of scattering angles samgled In (a), max-
imum and minimum values of the included scattering angles for
three example angular ranges are indicated. See text for details.
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underlying surface or lower liquid clouds, as demonstratedBi, L., Yang, P., Kattawar, G. W., Baum, B. A, Hu, Y. X,,

by Ottaviani et al(20123. Winker, D. M., Brock, R. S., and Lu, J. Q.: Simulation of the
Application of the presented approach to the available color ratio associated with the backscattering of radiation by ice

POLDER data (and future satellite data) has the potential to particles at the wavelengths of 0.532 and 1.064 micron, J. Geo-

provide a global database of ice cloud asymmetry parameteé phys.FReNsl., 113" EOSHﬁaoiélo'ﬁoz_g/zcioﬁJDo_ll?gooﬁ‘t .
. T . g L reon, F.-ivi. an uprulle, . orizontally orienteda plates In
that may substantially reduce uncertainties in radiative prop clouds. J. Atmos. Sci., 61, 2888—28@-10.1175/JAS-3309,1

erties in climate models and improve the retrieval of other 2004

ice clpud properties, such as ice crystal. sizes 'and cloud OptiC.-Labonnote, L., Brogniez, G., Doutriaux-Boucher, M., Buriez, J.,
cal thickness. Furthermore, when combined with other obser- Gayet, J., and Chepfer, H.: Modeling of light scattering in cirrus

vations, possible correlations between retrieved asymmetry clouds with innomogeneous hexagonal monocrystals. Compari-
parameters and cloud type, cloud-top temperature, ice crys- son with in-situ and ADEOS-POLDER measurements, Geophys.
tal size or aerosol populations may be deduced in order to Res. Lett., 27, 113-1160i:10.1029/1999GL010832000.
improve our understanding of ice cloud formation processegCairns, B., Russell, E. E., and Travis, L. D.: Research scanning
under varying conditions. polarimeter: calibration and ground-based measurements, Proc.
SPIE, 3754, 186-196, 1999.
Cairns, B., Russell, E. E., LaVeigne, J. D., and Tennant, P. M. W.:

Research scanning polarimeter and airborne usage for

remote sensing of aerosols, Proc. SPIE, 5158, 33-44,

doi:10.1117/12.51832@003.

hepfer, H.: Cirrus clouds’ microphysical properties deduced from

POLDER observations, J. Quant. Spectrosc. Ra., 60, 375-390,

d0i:10.1016/S0022-4073(98)000131298.
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